the inclusion of other fields has already proven fruitful, as a recent study investigating an ancestral mode of wing development in an extinct insect order (Palaeodictyoptera) has provided novel support for a dual origin of insect wings from a paleontological perspective [7] .
The molecular basis underlying the evolution of insect wings has just begun to be unraveled. A 'cross-wiring' of the two similar gene regulatory networks (GRNs) operating in the tergal and pleural wing serial homologs is one possible mechanism that has been proposed [2, 4] , while co-option of a GRN capable of inducing a certain characteristic (such as a flat outgrowth) into the lateral body wall is another [19] . The application of cis analyses to the investigation of wing origin (such as Requena et al.) and the comparison of cis regulation of wing genes between various insects [20] will be quite powerful in elucidating the processes that facilitated the evolution of insect wings at the molecular level. The origin of insect wings is a fascinating mystery that has captivated scientists for many years. With new molecular techniques rapidly emerging, we are entering an exciting period where we may be able to put this century-old conundrum to rest. 4 Chromosomes are shaped by the combined function of the condensin and cohesin Smc-kleisin complexes. After more than two decades of research in this field, a new study finally sheds light on how these machines might interact with their DNA substrates.
We have all marvelled at cartoons, still found in textbooks, of 'beads-on-a-string' nucleosomes magically folding into everbigger structures, forming a 30 nm-wide structure that will pack histone-DNA complexes into chromosomes. No need for anything else, nucleosomes and thermodynamics would do the job. However, there is growing evidence that the 30 nm fibre model is incomplete (if not entirely wrong) [1] . With the emergence of the Hi-C methodology and variations thereof [2] , it is becoming apparent that in order to form chromosomes -in organisms ranging from the humblest prokaryotes to the most elaborate of animals -the extended family of the Smc-kleisin complexes is essential. A new study published recently by the Haering team [3] sheds light on the condensin Smc-kleisin, the builder of mitotic chromosomes, and how these machines grab their DNA substrate. Cohesin, condensin and Smc5 and 6 are all members of the structural maintenance of chromosomes (SMC) group [4] . Together with members of the kleisin family, these v-shaped heterodimers form tripartite complexes of immense dimensions ( Figure 1A ). The diameter of these 'ring' structures can reach 100 nm, roughly a tenth the size of the budding yeast nucleus, a model species key to Smc-kleisin research.
Smc-kleisin complexes are ubiquitous because they are essential for life. They shape our chromosomes ahead of cell division, keeping sister chromatids together until the end of nuclear division, and they help repair our DNA in response to damaging lesions [5] [6] [7] . Bacterial and archaeal genomes usually code for just one such complex, but more elaborate genomes create demand for additional versions. Deciphering which of the complexes appeared first is not easy. However, our understanding of their evolutionary history has been facilitated by the description of two additional protein families that interact with and regulate the core Smc-kleisin trimer: the Kites (kleisin-interacting tandem wingedhelix elements) [8] , and the Hawks (HEAT-repeat proteins associated with kleisins) [9] . Prokaryotic Smc-kleisin trimers only possess Kite proteins for assistance, while the eukaryotic cohesin and condensin complexes possess only Hawks. Interestingly, the Smc5-Smc6-Nse4 complex is the only eukaryotic complex to retain Kites instead of Hawks, and is believed to be the closest thing to a prokaryotic Smc-kleisin [9] . Competition for binding on the kleisin subunit of the Smc-kleisin trimer between the ancient Kites and the more recent Hawks must have resulted in cohesin no longer interacting with Kites but with no fewer than three Hawks (Scc2, Scc3 and Pds5, in budding yeast gene nomenclature; Figure 1A ). In addition, condensin interacts with two Hawk subunits (Ycg1 and Ycs4). Whether condensin gained an extra member or lost one (and is therefore the mother of all Hawk-Smc-kleisins) is unknown.
Why are the Hawk proteins important and what is their role in chromosome formation? A central role of Hawks is to regulate the ATPase activity of the core Smc-kleisin trimer [10] [11] [12] . To achieve this, Smc-kleisins possess a nucleotidebinding domain (NBD) to which ATP binds ( Figure 1A) . Thus, Smc ATPases cleave ATP to ADP and use the released bond energy to power mechanical work. However, the Smc ATPase trimer by itself is not very potent, and this is where the Hawks (and apparently the Kites too [13] ) become significant. By interacting with the kleisin subunit of the trimer, they stimulate the ATP catalysis of the neighbouring Smc ATPase domains. For cohesin, this stimulation is absolutely required for ATP hydrolysis in vitro [12] . DNA by itself is insufficient to stimulate the core ATPase, but rather it boosts the effect of the Hawk proteins. This is what biochemists would call 'cooperativity' and would apply a Hill co-efficient number to it. Nevertheless, this number does not explain how DNA works together with the Hawk subunits to boost the function of a given Smc-kleisin trimer.
Despite the fact that bioinformatics analysis overwhelmingly supports a common origin for cohesin and condensin Hawks, no condensin Hawk crystal structure existed to settle the matter [9] . Obtaining well-diffracting crystals of Smc-kleisin complexes is never an easy task, particularly with DNA present. Early [14, 15] and many recent studies [16, 17] have captured stable complexes of Smc-kleisins with DNAin some cases even isolating chromosomal DNA trapped by cohesin rings inside cells [18] . However, in a study published recently in Cell [3] , Kschonsak et al. use X-ray crystallography to help us better understand how an Smc-kleisin complex interacts with DNA ( Figure 1B) . The team describe two separate crystal structures of the budding yeast Ycg1 condensin Hawk protein interacting with a cognate kleisin subunit and double-stranded DNA (dsDNA). Despite the fact that a short (A) Long Smc coiled-coil dimers interacting close to their NBDs (nucleotide binding domains) with a kleisin subunit (yellow) form ring-like tripartite complexes. In an archaeal or early eukaryote Smc-kleisin ancestor (last eukaryotic common ancestor, LECA), the Kite dimer was presumably flanked by the ancestral HEATprotein/Hawk. Successive duplications of Hawks led to the Kites being displaced over time. The lack of Hawks in Smc5 and 6 suggests that this Smc group diverged earlier from the cohesins and condensins, whose specialised functions were facilitated by the recruitment of the Hawk family (modified from [9] ). (B) The kleisin subunit of condensin (green) forms a 'belt' entrapping doublestranded DNA (in black/grey) while interacting with the Ycg1 Hawk (in yellow). This combined interaction is also essential for the activity of the Smc ATPase (globular NBDs in blue and red) (modified from [3] ). Notably, this mode of interaction with the DNA is most likely distinct from the ability to stably entrap DNA inside of the trimeric 'ring' [18] .
part of the kleisin subunit was not solved due to technical obstacles, the two new crystal structures obtained strongly imply that the kleisin subunit forms a loop trapping DNA inside the kleisin ( Figure 1B) . By engineering linkable cysteine pairs in the two adjoining ends of this kleisin belt, the team demonstrated that in vitro this kleisin loop is indeed topologically entrapping a circular DNA fragment, anchoring the condensin complex. Notably, in all four Ycg1-kleisin structures obtained (two more structures of the fission and budding yeast Ycg1-kleisin complex without DNA present were also obtained) the HEAT (Huntingtin/EF3/PP2A/Tor1) helical repeats are forming the hookshaped molecule seen in all cohesin Hawk structures [4] , thus validating the earlier bioinformatics analysis suggesting a common origin for all HEAT repeat proteins associated with Smckleisins [9] . Despite the fact that the main protein framework between Hawk structures is very similar, differences exist, which might give rise to the specialised function of each one of these proteins. Intriguingly, the authors present convincing evidence that the formation of the DNA-entrapping kleisin belt is essential for ATP hydrolysis as well. Clearly, there is still much to learn about how this complex operates, but the elucidation of a Hawk-kleisin-DNA complex is quite fascinating. Condensin is the key driver of the chromosomal metamorphosis observed as cells progress from interphase into mitosis [5] . Recent evidence points to the fact that even during interphase chromosomes are well organised. Indeed, this early cohesin-mediated organisation [19] might be a necessary precursor -a blueprint -upon which condensin will later operate. For the first time, this study explains how condensin grabs its substrate molecule -and it has a strong grip.
Several key questions arise from this work: is chromatin as good a template for condensin (like the naked DNA used in this study), and is the kleisin belt formed in vivo? How is DNA released from the kleisin belt? What is the molecular mechanism for the effect(s) on the ATPase? Are Smc NBDs exchanging neighbouring chromatin-bound kleisin subunits, resulting in condensin performing a 'chromosome walk' on DNA? Would that be a way to create the observed looped chromosomal domains? And are these domains the result solely of Smc-kleisin ATPases activity, or are they shaped alongside the omnipresent, transcriptionally-induced DNA supercoiling [20] ?
The Kschonsak et al. study is an important one because it reminds us of the only way forward in the Smc-kleisin field: descriptive structural biology and concise biochemical studies. As R. Feynman pointed out some time ago, ''It is very easy to answer many of these fundamental biological questions; you just look at the thing!''.
